We identified genes from a number of prokaryotes pre-PKA regulatory subunit has been crystallized with cyclic dicted to encode cyclic nucleotide regulated K ϩ channucleotide in one of the two binding pockets and glycnels. These proteins contain two characteristic features: erol in the other (Wu et al., 2004 ). Yet the mechanistic a canonical potassium channel selectivity filter sedetails that underlie nucleotide activation in these proquence within the membrane spanning portion, and a teins are still not fully understood, since no protein has putative CNB domain located at the C terminus ( prokaryotic channels ‫5ف(‬ residues from the end of the 86 Rb ϩ uptake. Liposomes were reconstituted in the absence of protein (diamonds), with MlotiK1 purified in the continued presence of cAMP (circles), or using protein from which cAMP was removed during a final gel filtration step (squares). Activity of the latter protein was also assayed after the addition of cAMP during the flux assay (triangles). Data were normalized to the valinomycin-induced uptake in an aliquot of each sample and reflect the mean Ϯ SD (n ϭ 3). (B) Concentration dependence of cAMP-mediated uptake. The indicated concentration of nucleotide was added to both sides of vesicles containing MlotiK1. Uptake at 90 min was normalized to that occurring in the absence of added cAMP (0%) and 100 M cAMP (100%). Symbols and errors represent the mean and SEM of three to 11 independent determinations. Solid curve represents a fit of the data to a Hill equation, with K 1/2 ϭ 100 nM and a Hill coefficient of 1.3.
cleotide. Uptake is greatly reduced when cAMP is reformed by the ␤ roll ( Figure 3B ). As in other CNB domains (Diller et al., 2001), the isolated MlotiK1 domain copurimoved from the MlotiK1 protein using gel filtration immediately prior to reconstitution; full activity can be fies with nucleotide; nucleotide was not added in any of the buffers used for purification or crystallization, restored by adding back cAMP (Figure 2A ). Figure 2B shows the effect of cAMP over a large range of concenand we could not remove it from the protein even with extensive dialysis (precluding studies of the unliganded trations. The apparent K 1/2 under these conditions is roughly 100 nM. This value is somewhat lower than the wild-type domain 
CNB Domain
The nucleotide's purine group is positioned toward the We crystallized a protein fragment that includes all the opening of the cavity, and hydrophobic residues interact residues beyond the last transmembrane segment as with one of its faces. As in other CNB domains, the defined from the sequence alignment with KcsA and nucleotide cavity has a wide mouth, and residues from MthK channels ( Figure 1B) . The crystal structure of the other parts of the molecule stabilize the ligand by formMlotiK1 CNB domain was solved at 1.7 Å and refined ing a lid over the binding site ( Figures 3A and 3B ). In to an R work ϭ 19.0% and R free ϭ 22.0% (Table 1) A dimer interface is observed in the MlotiK1 CNB a wide antiparallel ␤ roll topped by three interacting domain crystals between molecules related by a 2-fold helices (the helical bundle) formed by the linker helices noncrystallographic axis ( Figure 3C ). The dimer interface ␣AЈ and ␣A, and the ␣B helix from the C-terminal tail is formed by the two helices of the N-terminal linker; it ( Figure 3A) . The C-terminal tail, which also includes the includes a core of mainly hydrophobic residues (Arg220, ␣C helix, extends across the surface of the ␤ roll to Phe223, Val224, Trp227, Leu244, and Val245) that are reach the nucleotide.
conserved across the prokaryotic homologs of this The electron density clearly identifies a cAMP molecule in the anti conformation bound inside the cavity channel ( Figure 3D ) and has a total buried surface area The conformation adopted by the PBC residues in the R348A mains, respectively (Su et al., 1995) . To explore the role of this interaction, we examined the structure of the mutant is similar to that described for the unliganded structure of the EPAC protein by Wittinghofer and co-R348A mutant.
The CNB domain R348A mutant purifies without workers (Rehmann et al., 2003) . This leads us to propose that the R348A mutant structure corresponds to the bound nucleotide (as indicated by low 260 nm absorbance of the purified protein) and readily crystallizes unliganded state and that the structural differences observed between the mutant and wild-type domain strucin the unliganded state. The crystals diffract to better than 2.5 Å , and we determined and refined an atomic tures are the same as those that occur when the MlotiK1 CNB domain converts from the unliganded to the limodel to 2.7 Å with R work ϭ 25.3%, R free ϭ 28.1%. There are two molecules, A and B, in the asymmetric unit; the ganded state. This proposal is consistent with the finding that, although the full-length R348A mutant protein molecules form a dimer related by the same interface observed in the wild-type domain. The structures of A migrates as a tetramer in a size exclusion chromatography, it shows no activity in the flux assay in either the and B are not precisely identical due to differences in their packing environments ( Figure 4A ). The following presence or absence of cAMP ( Figure 6C ). Except for the changes in the PBC, the structures of discussion will focus on molecule A, since a crystal contact on the ␣C helix of molecule B may distort its pothe ␤ rolls are virtually identical in the wild-type and the R348A mutant (rms deviation for ␣ carbons of 0.7 Å ). In sition.
The mutant structure maintains the general features contrast, the domain helices show substantial rear- rangements ( Figure 4C ). In the unliganded structure, the chain atoms of Gly221 in the ␣AЈ helix move by as much as 12.9 Å . ␣C helix no longer covers the mouth of the binding site (the Arg349 ␣ carbon has shifted by 4.4 Å ), and the The two molecules in the asymmetric unit of the unliganded structure are related by the same interface de-C-terminal end of the ␣B helix points away from the surface of the ␤ roll with the main chain carbon of two scribed in the liganded structure ( Figure 5A ). However, the interaction surface has been altered due to the rearresidues (Phe327 and Leu330) shifted by 2.8 Å and 5.6 Å , respectively, in relation to their wild-type positions (Fig- rangements in helical bundle. In Figure 5B , the ␣A helices are used to orient the unliganded and liganded diures 4C and 4D). The two other helices of the helical bundle have also adjusted. While the ␣A helix has moved mers, as they maintain the same spatial relationship and molecular interactions across the interface. A comparislightly, the loop that precedes it has been repositioned by ‫8ف‬ Å . This in turn drags the ␣AЈ helix, where the main son between the two conformations shows that the two ␣AЈ helices slide in opposite directions along the interfor the cAMP bound dimer. The difference between these values primarily reflects the contributions from face; in the liganded dimer, the Trp227 residues in the ␣AЈ helices pack against each other, and, in the R348A the Arg220 side chain, which is well defined on the interface in the 1.7 Å liganded structure but absent in the mutant, they interact with Phe223 from the opposite molecule. At the N-terminal end of the ␣AЈ helix, Gly221 2.7 Å unliganded model. As shown below, the Arg220 side chain does not seem to play a role in either the is the first ordered residue present in both subunits of the mutant dimer. In the liganded structure, these monomer-dimer equilibrium or gating of the channel. To permit a direct comparison between the two dimers, the residues are separated by 22.6 Å ( Figure 5B) ; the conformational rearrangements in the unliganded dimer bring total buried surface was recalculated by including only residues that are present in both models (residues 218-them closer together (15.7 Å ).
The mutation alters activity by a secondary means, it is strikAlthough we have not been able to detect solution ing that mutation of residues along the crystal structure dimers for the MlotiK1 CNB domain, the equivalent dointerfaces have parallel effects in both the activity and main of the homolog from Rhodopseudomonas palustris dimerization assays, consistent with the dimer interface (RpalK1) does clearly form dimers. This is evident in the playing a crucial role in the gating process. size exclusion chromatography profiles of the RpalK1
Finally, we looked for residues within the two strucdomain shown in Figure 6A . The profile is distinctly nontures of the MlotiK1 domain that could potentially form symmetrical, and the peak migrates more rapidly as the a disulfide bridge across the interface between the same protein concentration is increased, consistent with the residue in the two dimer subunits. A minimal requirement existence of several interconverting oligomeric species.
for a disulfide bond formation is that the bonding resi- Figure 6B shows how the apparent molecular weight, dues are in close proximity; two residues, Trp227 and determined from the size exclusion profiles, varies as a Val224, in the liganded and unliganded structures, refunction of protein concentration. At low concentrations spectively, meet the criterion of a cut-off distance of 7 Å (0.13 mM, ‫5.2ف‬ mg/ml) in the absence of nucleotide, between C␣ atoms (Dani et al., 2003). We removed the the RpalK1 domain migrates as an ‫51ف‬ kDa protein, in three native cysteine residues (C101S, C263V, and good agreement with the expected monomer molecular C331V) to produce a cysteineless channel template that mass (18 kDa). At high protein concentration (Ͼ1.4 mM, shows nucleotide-dependent activity in the flux assay 25 mg/ml), the protein migrates at an apparent molecular (data not shown) and then introduced a single cysteine weight of 37 kDa, consistent with a dimeric molecule.
at different positions within the CNB domain (V224C and Unlike the MlotiK1 domain, we cannot detect nucleotide W227C on the interface and, as a control, T316C on the in the purified RpalK1 CNB domain by absorbance at exposed surface of the domain) ( Figure 6D ). Formation 260 nm, and so we assume that the experiments above of disulfide bonds was assessed using a simple gel shift were done with protein in the unliganded state. In the assay, by the emergence of a band corresponding to presence of 1 mM cAMP, the protein migrates slightly dimeric protein. The cysteineless protein (expected mofaster at all protein concentrations ( Figure 6B ). Although lecular weight 39 kDa) runs as a monomer on SDS-PAGE we cannot rule out the possibility of higher order oligo-( Figure 6D ). The V224C mutant protein clearly shows an meric forms being formed with cAMP binding, we susadditional higher molecular weight band of ‫08ف‬ kDa pect the shift in migration reflects the changes of protein that is consistent with a dimeric protein ( Figure 6D) ; this shape observed in the crystal structures upon ligand band is not formed in the presence of 5 mM DTT (data binding. not shown). In contrast, W227C, T316C, and the wildTo explore whether the interface present in our type protein (with three native cysteines) run as monoMlotiK1 crystals is biologically important, we first exammeric species. On the basis of the liganded structure, the ined the effect of point mutations on the oligomerization Trp227 mutant could also theoretically form a disulfide behavior of the RpalK1 CNB domain. In the MlotiK1 CNB bond, but we have already shown that a mutation at this domain structures, Trp227, Phe223, Arg220, and Val224 position has dramatic consequences for the stability of are all located along the dimer interface (Figures 3C the RpalK1 CNB domain dimer in solution. Of the resiand 5B); the equivalent residues in RpalK1 are Trp262, dues tested, the formation of a disulfide bond was only Phe258, Arg255, and Ile259. These mutants were generobserved by introducing a cysteine at a position (V224C) ated in the RpalK1 CNB domain and were studied using shown by the crystal structures to be in the dimer intersize exclusion chromatography at different protein conface and in close proximity to itself in the other subunit, centrations. Both I259C and R255C mutant size excluand also at a position where previous biochemical and sion profiles are undistinguishable from those of wildfunctional experiments have shown that a substitution type (Figure 6B ), but the two other mutations did weaken does not alter either the energetics of solution dimerizaor abolish dimerization. The W262C mutant profile mition or functional activity. grates as a monomer: its profile is independent of proTogether, the biochemical results provide substantial tein concentration ( Figure 6B ). F258C has a concentraevidence that the dimer interface detected in the crystal tion-dependent molecular weight but is consistently is also present in the tetrameric full-length channel and smaller than the wild-type domain.
illustrate its crucial importance in gating. We therefore expect that the four CNB domains tethered to the mouth We next used functional studies to examine whether RpalK1 CNB domain proteins were expressed in BL21-DE3 strain
